Measurements of the nonlinear index of a number of materials of interest for the National Ignition Facility have been performed at 1064 nm and 355 nm by a modified version of the "top-hat" Z-scan technique and the results compared with the more standard gaussian-beam Z-scan technique. The top-hat technique has the advantages of higher sensitivity and smaller uncertainties introduced by beam-quality considerations. We have made what we feel to be an additional improvement by placing the defining aperture for the top hat at the front focal plane of the lens that focuses the beam into the sample and then reimaging the input aperture with a second lens onto a ccd camera. Reimaging eliminates diffraction fringes and provides a stationary image even for a wedged sample; recording the entire image permits minimization of spurious effects such as varying interference fringes.
INTRODUCTION
Accurate values of the nonlinear index, n2, of optical materials to be utilized in the National Ignition Facility are needed for specifying the optical components in this facility because of the deleterious effect of the "B" integral, or intensitydependent phase shift i4, B=z=ifyIdz (1) on beam uniformity, harmonic conversion efficiency, and focusability. This phase shift arises from the change in refractive index with intensity, n = n0+n2<E2> = n0+(n2/2)E02 = n0+yI, where n2 is usually expressed in esu and y in cm2/W and are related by y(cm2fW) = (4ir x 107/cn0) x n2(esu). Although n2 for materials of interest is believed to be known with reasonable accuracy at the 1 jim fundamental (1o), there exists substantial variation in the measurements that have been made at the second (2co) and third (3w) harmonic frequencies, even for so basic a material as fused silica.1'2 Measurements made by different techniques varied by as much as a factor of two. In surveying the techniques that had been utilized for n2 measurements, we concluded that beam distortion measurements, as made by the Z-scan method,3 offered a relatively direct measure of the peak phase shift experienced by a beam propagated through a nonlinear medium, and that the technique had been refined to a level that appeared to yield good accuracy.
In the standard Z-scan method, a sample is scanned through the focus of a gaussian beam and the energy passed by an aperture placed in the far field is measured as a function of sample position (z). For a sample placed in front of the focus, the sample acts (in the case of a positive nonlinear index) to focus the beam more tightly, leading to greater divergence in the far field, and a decrease in the central intensity passed by the aperture. The decrease in intensity becomes greatest (for a sample thin compared to the Rayleigh range of the beam) when the sample is centered at O.86z0, where z0=7rw02/2 is the free-space Rayleigh range.3 As the sample is moved through the focus, the intensity passed by the aperture returns to the value for the sample far from the focus and then increases to a maximum when the sample is at O.86z0 beyond the focus, at which point the beam experiences the maximum amount of convergence induced by the nonlinear lensing. The intensity passed by the aperture thus displays a characteristic dispersion shape, which for a small aperture centered on a gaussian beam can be shown4'3 to have a peak-to-valley transmission difference, %Tpv = (1 -'VY'Av given by (2) where 'p' 1v' 'Ày are, respectively, the on-axis far-field intensities measured with the sample at the peak, valley, or far from 52 ISPIE Vol. 
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focus, and "G the peak phase shift experienced by the gaussian beam for a sample thin compared to z0 placed at the focus. A variation on this technique has recently been demonstrated5 in which the input beam is expanded and apertured so as to have a circular flat top distribution in front of the focusing lens and an Airy distribution at the focus.6 The rather surprising result of Ref. 5 is that, if the intensity of this top-hat (TH) input beam is adjusted to give the same focused intensity as the gaussian beam, and hence the same peak phase shift (for a thin sample), M'TH = 1G' then the change in transmission at the peak and valley is 2.5 times greater than for the gaussian beam. The size of the focal spot can be made comparable to (actually about 14% smaller in diameter than) that of the original gaussian beam by choosing the aperture diameter to be d=irw1,5 where Wi 15 the lie2 radius of the gaussian beam at the focusing lens. This gives an intensity distribution at the focus of a lens of focal length f that can be written in terms of the first order Bessel function J1 as 10[2J1(irr/w0)/(rcrIw0)]2, with w0=Afld having the same value as the waist of the focused gaussian and I0=I1(icd2/4)2/(f)2, where I is the intensity at the input aperture. The Z-scan curve then has its maximum and minimum at very nearly the same values of z as the gaussian curve, although the width of the curve is narrower as a result of the rapidly changing intensity and phase distribution in the region of the focus.6 Thus not only is the signal size larger for the same focal spot intensity, but the dispersion-like curve is sharper.
The other major advantage of this top-hat technique is that it is possible to make a good approximation to a flat-top intensity (and phase) distribution as long as one has enough energy to expand the beam to a large size, whereas it is not always possible to ensure a perfect gaussian distribution. Our nearly-gaussian beam profile, used for gaussian-beam measurements at 1064 nm, was obtained by passing a small portion of a Nd:YAG output beam through a small aperture and propagating it over a large distance in which it is further apertured, sliced in time by a Pockels cell, and reamplified. Although a good fit to a gaussian (-93-97%) is obtained, it is seen by measuring the spot size by scanning a ccd camera through the focus (Fig. 1 ) that the spot size deviates from the ideal gaussian over a region comparable to z0, and attains a minimum value that is typically on the order of 20% larger than that of the ideal gaussian. Part of this deviation arises from a small amount of astigmatism, part from aperturing the beam at a diameter of approximately 3w1 (without which significant departures from gaussian behavior are observed in the focal region, indicating the presence of substantial low-level energy in the wings of the input beam), and part from additional aberrations. This deviation calls into question the validity of the relationship expressed by Eq. 2. Calculations discussed below show that the results obtained using Eq. 2 are in fact not strictly valid in the presence of beam distortion, but that the results are relatively insensitive to the beam distortion.
RELAY-IMAGEDTOP-HAT Z-SCAN TECHNIQUE
We introduce here a modification to the top-hat z-scan technique in which the defining aperture for the top hat is placed at the front focal plane of the lens of focal length f1 which focuses the beam into the sample (Fig. 2) . A second lens of focal length f2 is placed at a distance f1 +12 from the first lens so as to form an image of the aperture at a distancef2 from the second lens; this focal length is chosen so as to fill a large fraction of the ccd detector used for measurement of relative intensities in the image. An advantage of this procedure is illustrated in Fig. 3 , which compares the calculated intensity distribution without reimaging ( Fig. 3(a) ) to that obtained with reimaging ( Fig. 3(b) ) for a 1 MW/cm2 input to our 355-nm arrangement having f1 = 25 cm, 12 = 50 cm, and an aperture diameter of 0.24 cm. Similar results are obtained at 1064 nm, which had the parameters shown in Fig. 2 . The intensity distibution in the relay-imaged case is seen to go from a flat top to a smoothly varying distribution with depressed center and enhanced edges when the sample is in front of the focus, to one with enhanced center and depressed wings when the sample is after the focus. In the non-imaged case, strong Fresnel diffraction . Calculated radial intensity distribution on the ccd camera, a) without, and b) with relay imaging. In (a), the aperture is placed directly before the focusing lens (fi = 25 cm) and the intensity is calculated at the position of the second lens (f = 50 cm). In (b), the intensity distribution at the peak and valley of the Z-scan curve in the presence of a nonlinear medium is also shown. Similar increases and decreases of the intensity distribution are obtained for (a), but the distributions are modulated by the Fresnel ring structure shown.
fringes are observed, whose overall pattern in the presence of self focusing (not shown) go up and down in proportion to that observed in the relay-imaged case. This can be a source of additional uncertainty when measuring the central intensity of the beam, whereas in the relay-imaged case the intensity distribution is smooth, but cuts off sharply at the edge of the image of the aperture, allowing precise determination of the beam center and its intensity. Furthermore, if there is a slight wedge in the sample, in the non-imaged case the beam position will translate across the detector as the sample is scanned, but remains stationary in the relay-imaged case. If one were to use an aperture with an energy detector behind it for the Z-scan measurement (as has most often been done), the motion of the beam across the aperture would give a spurious result, particularly in the presence of Fresnel fringes. Our measurements have been made using a ccd camera to record the entire image of the beam; hence small shifts in the beam position are not a problem provided the ccd response is sufficiently uniform. However, we have measured one sample that had a wedge so large that it would have shifted part of the beam off the detector in the absence of image relaying. It should be noted that the beam does move across the second lens in the case of a wedged sample, and reflections from the lens surfaces can lead to interference fringes moving across the image if the lens is not antireflection coated.
It is also possible to eliminate the Fresnel rings by placing the aperture at the front focal plane of the focusing lens and examining the image at a large distance from the focus. In this case, however, it may not be possible to fit the image onto a ccd camera, and the image is not stationary for a wedged sample.
In the case of a sample having negligible wedge, fringes arising from the interference of the main beam with the reflection off the back and then front faces of the sample are clearly visible, and these can change as the sample is scanned. We have eliminated the effect of these fringes on the measurement by tilting such samples by _lOO, which gives fringes sufficiently closely spaced that they are averaged over. The slight increase in path length is very nearly compensated by the decrease in transmitted intensity for an s-polarized beam, as was the case experimentally, and has been ignored in the analysis of the data. Similarly, a very slight astigmatism introduced is neglected. These effects are expected to have less than 1% effect on the data. The experimental setup also employed a low intensity reference arm similar to the sample test arm in which both an image of the aperture and a fraction of the energy, measured on a pyroelectric detector, were recorded. The energy monitor was calibrated against the throughput energy in the sample arm in the absence of a both the sample and the ccd pickoff beam splitter, and was used to select pulses that fell within a narrow range of energies (typically for subsequent analysis. The images recorded in both the sample and reference arms were analyzed (after subtracting a null image to correct for background) by dividing the images into a set of annuli and summing the intensity of the pixels over a sufficient number of annuli to obtain good signal to noise and self-consistency in the data. This typically required less than 1% of the sample area to be taken for the central intensity, but a larger area could be taken if necessary, and the measured n2 corrected by the expected dependence on sample area.3'5 In principle, the Z-scan curve is obtained by taking the ratio of the central intensity in the sample and reference arms. We generally found, however, that the signal to noise ratio of the Z-scan curve was better if we took the ratio of the integrated central intensity to the total integrated intensity in the image, which eliminated effects of gain fluctuations between the two cameras and frame grabbers. The ratio of the integrated intensities of the full beams in the sample and reference arms was checked to make sure that there was no observable central dip caused by two-photon absorption. At shorter wavelength, where this becomes important, it would be possible to deconvolve both effects from the data.
NUMERICAL CALCULATIONS
The calculated beam profiles presented in Fig. 3 , as well as other results presented here, were performed with a commercial personal computer version (GLAD) of a diffractive propagation code originally developed for Los Alamos.7 This code decomposes an input beam into an array of Fourier components, propagates each component over a specified distance, and performs an inverse Fourier transform to reconstitute the beam at its new location. Linear and nonlinear optical elements may be placed in the beam at each location to alter its phase distribution. A split-step method may also be used to account for phase changes through an extended nonlinear medium. For a more detailed discussion, we refer the reader to a recent publication8 that presented similar calculations. As seen from An interesting (and surprising) feature of Fig. 3(b) , which was calculated assuming a negligibly thin sample, is that there is essentially no energy (<0.3%, possibly due to calculational accuracy limitations) transferred outside the original image, despite large changes in the energy distribution within the image. This result begins to break down for a thick sample, or for a beam that is not a perfect flat top at the input, but the energy in the wings remains small.
The relay-imaged experiments performed at 1064 nm were carried out with a beam that was a truncated gaussian rather than a flat-top beam, obtained by expanding the beam utilized for gaussian Z-scan experiments by a factor of 5 to a waist w = 1 1 mm and aperturing it at 81% of the peak with an aperture of diameter d = 7.1 mm. This aperture size was chosen to give approximately the same beam waist and confocal parameter as in the gaussian experiments (d =rc x 2.2 mm). Calculated results for such an input beam, presented in Fig. 4 and summarized in Table I, show that there is only a 4% decrease in sensitivity for this apertured gaussian beam as compared to the flat top. This allows considerably more of the beam energy to be utilized than if the beam has to be expanded sufficiently to approximate a flat top.
Our initial experimental measurements with the gaussian Z-scan technique typically gave somewhat lower values for n2 than the truncated gaussian results. Calculations were performed to try to account for the effect on the Z-scan of the deviation from a perfect gaussian as illustrated in Fig. 1 . Several sources of possible deviation were explored. For example, a spherical aberration of -0. 1 wave at the lie2 radius (i. e., a quadratic phase term that attained this value at w0) gave approximately the observed amount of deviation from a perfect gaussian but yielded an increased sensitivity that very nearly canceled the decreased intensity at the focus. The ratio of peak to valley in this case became quite asymmetric, and the calculated Z-scan curve did not resemble any of the experimental data. A second source of deviation explored was simply to aperture the gaussian at a diameter near 3w1, as was in fact the case experimentally. This gave a significant change in the focal size, and a correspondingly lower focal intensity (after renormalizing the input intensity to maintain constant energy throught the aperture). Table I , in an attempt to model the experimental behavior in Fig. 1 . The beam is also apertured at a radius of 3.2 mm. b) Z-scan curve calculated for these beam parameters. A slight broadening of the Z-scan curve compared to the gaussian of Fig. 4 is evident.
However, the increased sensitivity again nearly canceled any effect on the measured value of n2. The basic reason for this, we believe, is that the beam size is only slightly altered at the peak and valley positions of the Z-scan. The largest effect we have calculated was to include a slight astigmatism in the beam, consistent with Fig. 1 , as well as an aperture of 3.2 mm radius. The astigmatism was incorporated by taking the input beam waist in the vertical direction to be 10% smaller than the horizontal direction and adding a cylindrical lens of 100-m focal length to the latter, yielding a 3-mm difference in focal position and the behavior shown in Fig. 5 (a) similar to that of Fig. 1 . In this case, the use of Eq. 2 underestimates the value of n2 obtained from the calculated Z-scan curve (Fig 5(b) ) by -9%. These comparisons were made by using 4c1i derived from the calculated focused intensity and the sensitivity 4T/z%1 obtained from the Z-scan calculation. If the sample is not thin compared to z0, one must also account for the effect of sample thickness in order to extract an accurate value of n2. In the gaussian beam case, this correction has been shown9'1° to be relatively small provided the sample length does not exceed the confocal parameter within the sample, z=n0z0. For our case of a 1 .3-cm z0 and samples that ranged up to 1.3 cm in length, this correction is less than 3.3%. This correction factor is expected to be somewhat larger for the tophat case because the Z-scan curve is sharper and in fact has a sign reversal beyond the region where the on-axis intensity goes to zero: z =±2J2J(di2)2.11 Numerical calculations, performed with the GLAD code by splitting the sample into 2-mm slices and alternately applying self-focusing and propagating the beam, yield up to a 6% correction for the top-hat data. The accuracy of this calculation is still being verified.
EXPERIMENTAL MEASUREMENTS
The experiments were performed using a pulse sliced from a Q-switched single-longitudinal-mode Nd:YAG laser using a fast Pockels-cell driven by a nominally 500-ps-wide pulse from an avalanche transistor high-voltage pulser having <100 ps rise and fall time. This method was chosen for pulse generation because the pulse widths obtained in this way were very stable and measurable with existing electronics (60-ps risetime vacuum photodiode with 6-GHz oscilloscope, or streak camera). Many Zscan measurements have been made with much-shorter-duration mode-locked pulses, which require autocorrelation techniques to measure the pulse width and are not necessarily sensitive to asymmetries in pulse shape. Ideally one would prefer to have a perfectly square temporal profile, otherwise one must integrate over the different intensities present in the pulse, I(t)=IJ(t) to obtain the time-averaged effect of the nonlinearity. In the regime in which the magnitude of the nonlinear response remains proportional to the intensity, the measured (average) index change <4n(t)> is related to the index change tin0 = yI1, at the peak of the pulse by3 f°°4n ( t)I(t)dt f2 t)dt ='I°°y IF (3) fI(t)dt ff(t)dt -00
-00
For a pulse that is gaussian in time, this yields <zin(t)> = 4n0//2. In the case of our Pockels-cell-switched pulses, the factor F by which the sensitivity is reduced, as calculated by integrating a typical streak camera trace shown in Fig. 6 , is essentially Sample Position (cm) the same, F 0.72, resulting largely from a small tail in the Pockels cell drive pulse, plus a contribution from the finite rise and fall of the pulse. The photodiode traces displayed an even larger tail and consequently smaller F 0.65. However, this is to be expected from the impulse response of these photodiodes, which show a low-level tail. We have consequently used the 355-nm streak camera result to analyze the 355-nm data and to correct the 1064-nm photodiode result, for which streak camera data were not available. This introduces some uncertainty in the 1064-nm results, but we believe this to be the appropriate procedure to use. The size of the (downward) correction to n2, about 20%, is larger than just the ratio of F values, because an overestimate of the amount of energy in the tail not only underestimates the sensitivity of the technique (because of the averaging in Eq. 3), but also underestimates the peak power of the pulse, which is extracted from the measured energy and pulse shape. Thus an overestimate of the amount of energy in the tail gives rise to two factors that lead to extracting too large a value of n2 from the measurements. This sensitivity to the knowledge of the pulse shape presents, we believe, the largest source of uncertainty in these measurements. Although the pulse shape of the Pockels cell driver is quite stable, small changes in the timing of the laser pulse relative to the Pockels cell give slightly different ratios of energy in the tail to energy in the peak. Such timing shifts were not always monitored as closely as possible in our initial measurements at 1064 nm, and may explain some of the spread in measured values. Other sources of uncertainty in the measurements are believed to be relatively small: energies were crosscalibrated on several calorimeters, including ones at Livermore,12 and are believed to be valid within spot sizes were measured from magnified images captured on a ccd camera calibrated against a reticle, and are believed accurate within Peak-to-valley ratios could be measured to within a few tenths of a percent out of typically 15 to 30%, or within or better, provided the sample was of good optical quality. In the case of flat-top beams, we found that the theoretical Z-scan curve closely approximated the derivative of a gaussian out to z =±1 .7o and thus the data could be fit to this functional form to obtain an accurate value for the peak-to-valley transmission.. An example of such a fit to experimental data is shown in Fig. 7 .
RESULTS AND DISCUSSION
The nonlinear index data we have obtained is presented in Table II . Data is presented at 1064 nm for a gaussian beam, analyzed with the astigmatic results, and for a truncated gaussian, labeled "near top-hat." The 355-nm data was taken with a very nearly top-hat beam, but one which showed some astigmatism near the focus. This setup needs further improvement to eliminate this problem, and this data should be considered as only preliminary. The values of n2 given for fused silica are averages from a number of samples, including Corning 7940, Dynasil 1000, Suprasil II and fused quartz, for which no statistically significant differences were seen, but which ranged up to 6% higher and lower for the top-hat measurements and up to 10% for the gaussian measurements. The 1064-nm value of 0.67±0.15 x 1013 esu is, however, about 30% lower than the accepted value of 0.95±0.1 13,1 or recent measurements that have been performed in fibers14 or by the frequency-resolved optical gating 15 Measurements obtained by the gaussian Z-scan technique were in substantial agreement with the top-hat measurements when analyzed using the apertured astigmatic calculations. These results are also in reasonable agreement with other Z-scan measurements that have recently been performed, which yielded a value of 0.74±0.15 x 1013 esu for fused silica at 1064 nm. 16 We do not at present understand why the Z-scan technique has yielded consistently lower results for fused silica than other methods. Our value for BK-7 is also lower than previously measured13 by an even larger ratio. On the other hand, 58 ISPIE Vol. 2714 
